We have analysed 298 polymorphic markers in 13 families multiply affected with schizophrenia and related disorders using a combination of radiolabelled and fluorescent-based methodologies. The markers were distributed throughout the autosomes at an average spacing of 12.8 cM. The data were analysed with two-point linkage analysis (MLINK) and heterogeneity testing (HOMOG). Several genetic models were used ranging from near dominant to fully recessive. Multi-point analysis was performed for 27 regions demonstrating either contiguously positive lod scores in two or more consecutive markers, and in regions with two-point lod score(s) of 1.0 or above in a single marker. A proportion of the multi-point regions have been implicated in previous studies, thereby decreasing risk of false-positive results. However neither our two-point, nor multi-point scores reached the threshold value for significance of 3.6. Nevertheless three regions were suggestive of linkage.
Introduction
Evidence from family, twin and adoption studies suggests that there is an important genetic contribution to schizophrenia, with heritability estimated at 70-80%.
1,2 The disease does not segregate in a Mendelian manner and the majority of cases probably result from the co-action or interaction of several or perhaps many genes together with environmental factors. It is also possible that genes of major effect are segregating in families that contain a large number of affected relatives and that these loci will be more amenable to detection by genetic linkage analysis. To this end we have undertaken a genome scan in multiply affected families in an attempt to identify a gene of major effect in schizophrenia and other schizophrenia-related conditions. We report on a multi-centre attempt to detect linkage to chromosomal susceptibility regions using two-point linkage analysis of 298 autosomal polymorphic markers (not including the X chromosome) analysed using radiolabelled and fluorescent technology. Multiply-affected family pedigrees with schizophrenia originating from the UK and Japan were analysed and Correspondence: Dr MJ Owen, Dept of Medical Genetics, University of Wales College of Medicine, Heath Park, Cardiff CF4 4XN, UK Received 21 September 1998; revised and accepted 16 December 1998 lod-scores generated for specific inheritance and diagnostic models.
Methods and materials

Family data
The sample consisted of 13 families with multiple members affected by schizophrenia and related disorders ( Figure 1 ). Eleven families were Caucasian (nine families from Wales and four from the South-East of England) whilst the remaining two families were Japanese. Diagnoses were based on all available clinical information including examination of the case records and a research interview; (PSE-9) 3 for the Welsh families, and SADS-L 4,5 together with the collection of additional information allowing for DSM-III-R diagnosis to be made for the other families. From this information the operational criteria checklist (OPCRIT) 6 was completed for each affected individual and the DSM-III-R diagnosis derived.
Moderately large families were selected to maximise potential informativeness for linkage analysis. Such loaded pedigrees are not representative, and the appearance of Mendelian segregation can be misleading, but this does not introduce a bias with respect to linkage detection. 7, 8 As detailed in previous studies, we used 'narrow' and 'broad' diagnostic criteria. [9] [10] [11] The narrow definition included all those suffering from schizophrenia, schizoaffective disorder and unspeci- fied functional psychosis. The broad definition included all those in the narrow category plus individuals receiving a diagnosis of schizotypal personality disorder, major affective disorder and bipolar affective disorder. Unaffected individuals were placed into caserelated penetrance classes and individuals with a psychiatric diagnosis but not classified as affected and those not interviewed were designated phenotype unknown. Because the mode of inheritance of schizophrenia is unknown we analysed the data using a dominant and a recessive model applied to both the broad and narrow definitions of the phenotype according to Su et al. 12 The genetic models used (Table 1 ) were conservative in that penetrance was incomplete and the phenocopy rates high (10% for the narrow models and 20% for the broad).
DNA studies
DNA was extracted from venous blood or transformed lymphoblasts by routine procedures. The chromosomal sets of polymorphic microsatellite markers were selected predominantly from the Genethon maps (version 1 and 2)
13,14 but many originated from studies describing gene-specific polymorphisms not included on the Genethon map. The markers were analysed at the Cardiff and London centres using radiolabelled (␥-33 P and ␥-32 P) and automated fluorescent methods. The range of PCR conditions varied considerably, although the vast majority of reactions adopted a conventional three-step PCR protocol within a total volume of 12 l containing 30 ng genomic DNA, 200 M of each dNTP, 10 pmoles of each primer, and 1 Unit of Taq polymerase (Amersham, Little Chalfont, Bucks, UK).
Fluorescent genotyping
The forward primer of each primer set was labelled with one of three fluorescent dyes-HEX, TET or FAM (Oswel DNA, Edinburgh, UK and Perkin Elmer, Warrington, UK). Each PCR reaction was assayed at a variety of Mg 2+ concentrations and annealing temperatures. Markers that failed to amplify were analysed by radionucelotide labelling or discarded and replaced. To compensate for the use of multiple models the statistically significant linkage threshold value was raised by the log value of the number of models used (log 10 of 4 = 0.6).
19,20
Markers were separated into categories according to amplimer size range and fluorescent tag, facilitating the detection of up to 15 markers per sample per lane. Markers were separated on a 6% denaturing polyacrylamide gel in an ABI 373A sequencer and analysed using the GENESCAN and GENOTYPER software packages. Two common samples were used in each gel to compensate for gel to gel variation and ensured the correct distribution of the data into allele bins when downloaded into a modified version of the MegaBASE database program. 15 
Radiolabelled genotyping
Forward or reverse primers were end-labelled with ␥-P 33 -ATP or ␥-P 32 -ATP (Amersham). Markers were run on 6% denaturing polyacrylamide gels (National Diagnostics, Hull, UK) at constant 80 W for 1-3 h depending on the size of the PCR product. Gels were fixed and dried and viewed by autoradiography with X-ograph film (Kodak, Rochester, USA).
Linkage analysis
Two-point homogeneity lod scores were calculated in Cardiff using the MLINK program FASTLINK, 16 a computationally faster version of LINKAGE. 17 Multi-point analyses were performed on all regions that had a twopoint lod score of 1.0 and above, plus those regions with two or more contiguous positive lod scores under the same genetic model. Multi-point values were generated using the LINKMAP program of the VITESSE package 18 and two-point heterogeneity scores were calculated using HOMOG. 19 All genotyping was done blind to diagnosis and downloaded into a modified version of the MegaBASE database program. 15 Marker allele frequencies were calculated from the dataset using the ILINK program from the LINKAGE package, and equal male and female recombination rates were assumed. Separate allele frequencies were calculated for the UK and Japanese in the combined sample analysis using unrelated pedigree members. For homogeneity analysis four models were used in the calculations, two for differing inheritance patterns (one dominant and one recessive), and two for differing affection statuses (one broad and one narrow). The parameters allow for a high phenocopy rate and low penetrance and are therefore conservative with regards to the detection and exclusion of linkage. The model parameters are listed in Table 1 .
Results
Three analyses were performed for the two-point homogeneity scores, namely the UK family dataset, the Japanese family dataset and the combined dataset. Multi-point analysis was performed on all regions with a marker specific lod of 1.0 or above, plus all regions with contiguously positive lod scores within the same inheritance model. The genome-wide two-point and region-specific multi-point datasets are tabulated and The highest score for a particular genetic model is in bold accompanied by a corresponding ␣ value in brackets, whilst the remaining scores for the other models are in normal type. Markers lying on the same chromosome are separated by a vertical bar with the cM distance between each marker indicated to the right of the bar; whilst the left-most figure represents the number of markers included in the study that lie within the region but failed to produce a lod score of 1.0 and above (see web page).
Two-point analysis
Two-point heterogeneity lod scores of 1.0 or above are presented in chromosomal order in Table 2 . There were 20 markers that fulfilled this criteria with only one marker (dopamine beta-hydroxylase, dbh) reaching a score above a lod of 2.0. To compensate for the use of multiple models we set our threshold value for reliable detection of linkage at lod of 3+ (log 10 of 4 = 0.6) = 3.6 19, 20 which is conservative given the nonindependence of the models used. In view of this and the fact that this threshold was not achieved for any region we did not further correct for stratification by ethnicity.
Multi-point analysis
Multi-point analysis was performed in a total of 27 regions that satisfied our selection criteria. None of these regions reached the criterion for 'significant' linkage although some regions reached the criterion for 'suggestive' linkage. 20 The multi-point regions were analysed in all three datasets and those four-point lod results above 1.0 are detailed in Table 3 , with three regions in the UK families generating scores of 2.0 and above at 7p, 10q, and 14p. None of the Japanese families produced scores above lod 2.0 and the highest values for the combined dataset were the four-point scores for regions on chromosomes 5 (fbn2-d5s210-d5s410) at a lod of 1.96 and 15 (fbn1-d15s126-d15s117) at a lod of 1.86.
Within the UK families a total of 16 multi-points in 13 chromosomal regions generated scores between 1.0 and 2.0, whilst the Japanese families had three in this category. In the instances where the UK and Japanese datasets generated positive multi-point scores with the same markers, the combined score was often deflated due to the putative disease locus occurring at different points between markers. Combining the datasets either lowered or had no effect on the lod scores obtained by separate analyses (see Table 3 ), with the notable exception of the chromosome 5 and chromosome 15 regions mentioned above. Table 3 Summary of regions with maximum multi-point lod scores of 1.0 and above
Maximum multi-point lods (using VITESSE)
UK Japanese Combined
1.53 (DB) 1.63 (DB) fbn15-d15s126-d15s117
1.22 (DB) 1.86 (DB) d17s798-d17s939-d17s784 1.67 (RB)
1.58 (RB) cyo2d-d22s282-d22s274
1.00 (DB) 1.16 (DN)
All multi-point scores of 2.0 and above are in bold script as are the inheritance model numbers in brackets adjacent to each score. DB is Dominant Broad, RB is Recessive Broad, DN is Dominant Narrow, and RN is Narrow Recessive. A proportion of regions included in Table 2 may not be represented here because their multi-point score did not rise above 1.0; conversely new regions may be represented here (not accounted for in Table 2 ), generated from contiguously positive markers with two-point scores below 1.0 (see web site) whilst their multi-point scores reach 1.0 and above.
Discussion
This study represents a multi-centre approach to detect a gene of major effect for schizophrenia on the autosomes. In all, 298 polymorphic markers were analysed in 13 multiply-affected pedigree families originating from the UK and Japan. None of our two-point homogeneity and heterogeneity scores nor the multi-point analyses reached the threshold for significant evidence for linkage. There are several possible reasons for this.
The most likely explanation is that despite high familial loading the families studied do not reflect the operation of a single gene of major effect. It is possible that a gene or genes of major effect are operating in a subset of these families but the present study lacked the power to detect genes under such conditions of heterogeneity. It is also possible that these families reflect oligogenic or even polygenic inheritance under additive or epistatic models. 1, 21 The study of large numbers of affected-relative pairs and family trios or case/control association studies are now thought more likely to detect susceptibility genes in complex disorders. [22] [23] [24] [25] Such non-parametric tests, however, were not possible in this sample since the number of independent affected sib-pairs was relatively small (n = 21 for narrow diagnosis and n = 46 for the broad diagnosis) and not likely to add further to the results.
Using conventional criteria none of our results correspond to significant linkage (genome-wide P Յ 0.05) although three regions count as suggestive linkage (expected once by chance per genome scan). 20 Given our use of four diagnosis/model combinations, these results do not at first sight give strong evidence for the presence of a major susceptibility gene for schizophrenia in our sample. In the absence of linkage and in an attempt to minimise type 2 error we assumed and tested for the presence of locus heterogeneity between the UK and Japanese samples along the lines suggested by the NIMH collaborative studies. [26] [27] [28] Confidence, however, is raised when positive regions have been indicated in previous studies and these findings have the potential to indicate genomic regions of interest. Of the 13 UK family multi-point regions with lods between 1.0 and 2.7, a total of six regions have been previously implicated in schizophrenia. They are on chromosomes 2p, 29, 30 34, 38, 39 Three of these regions have also been identified in our UK sample of 100 affected sibpairs 40 and regions 2p, 10q, plus 15q are amongst other regions which are nearing completion of a 200 sib-pair sample analysis (manuscript in preparation). The multi-point score of 2.31 on chromosome 7 has not been encountered in previous findings whilst the score of 2.53 on chromosome 14q13 lies within the same region reported by Blouin et al. 34 Both regions will require closer analytical scrutiny. Many of these regions are up to 45 cM in size and it would be premature to discuss the multitude of candidate genes that lie within regions and their biological qualification for candidature. Nevertheless this study included seven candidate gene polymorphisms which were selected because of their possible involvement with schizophrenia, five of which produced lod scores of 1.0 and above in the two-point combined dataset. Indeed, the highest two-point score in the study was dopamine beta-hydroxylase (dbh) a central candidate in the dopaminergic theory of schizophrenia. 41, 42 A score of 1.32 for 5-HT-2a on 13q could indicate support for previous association studies that suggest a minor role in schizophrenia. 43, 44 Syntenic regions surrounding FBN I (15q) and FBN II (5q) were mildly positive in the multi-point combined analysis and may contain genes of similar evolutionary function and which both contribute to the predisposition to schizophrenia.
In conclusion, our genome scan has been unable to identify a region that contains a gene of major effect for schizophrenia and related disorders although some of the genomic regions identified are suggestive of linkage and worthy of further scrutiny.
